Flux Cored Arc Welding (FCAW) is a common practice to join thick plates such as the structural members of large scale offshore structures and very large container ships. The objective of this study was to investigate the mechanical properties and variability of the fatigue crack initiation life in the flux cored arc welded API 2W Gr.50 steel joints typically applied to offshore structures with a focus on the effect of the materials in fatigue crack growth life from the notch root of a compact tension specimen. Offshore structural steel (API 2W Gr.50) plates (60-mm thick) were used to fabricate multi-path flux core arc welded butt welded joints to clearly consider fatigue fractures at the weld zone from the notch. Fatigue tests were performed under a constant amplitude cyclic loading of R = 0.4. The mean fatigue crack initiation life of the HAZ specimen was the highest among the base metal (BM), weld metal (WM), and heat affected zone (HAZ). In addition, the coefficient of variation was the highest in the WMl specimen. The variability of the short fatigue crack growth rates from the notch tips in the WM and HAZ specimens was higher than in BM.
Introduction
API 2W Gr.50 steel plate was originally designed for use in the production of offshore fixed and floating production platforms, where strength and material integrity is required in several dimensions. It is regulated by the American Petroleum Institute and in some cases certified by ABS (American Bureau of Shipbuilding). Because of its stringent restrictions, API has also been adopted in many other applications such as the base rings/cylinders for crane production, pilings for severe applications in bridge construction, fracture c ations in areas where resistance to vibration and torque is necessary [1] .
These thick plates are used for the production of TLP, FPSO, and SPAR, as shown in Fig. 1 [2] .
Offshore structures and large container ships receive repeated loads in their environments, and these structures generally consist of a large number of welded components. Multi-pass welding is generally used in the assembly of ultra-thick plates. All of the classification societies demand failure design guidelines for this weld zone such as for the fatigue strength and CTOD. Many welding processes are sued for offshore structural steels. Of these, fluxcored arc welding (FCAW) is one of the most commonly used methods. FCAW or FCA is a semiautomatic or automatic arc welding process. This process is widely used in the offshore and ship building industries because of its high welding speed and portability. Generally, the welded joint consists of three zones from the mate l viewpoint: the weld metal (WM), heat affected zone (HAZ), and base metal (WM). These individual zones exhibit different mechanical behaviors such as hardness, along with different fatigue properties. Several studies have shown that no significant variations exist in the fatigue crack properties of these three zones. However, some studies showed that these three zones had significant differences in their fatigue crack propagation behaviors [3] .
However, the process of fatigue crack initiation and/or fatigue crack growth is uncertain by nature, due to the variability of material properties, loading fluctuations, geometrical properties, and environmental conditions such as temperature and humidity [4] .
For practical applications, it is important to understand the fatigue crack initiation and propagation behavior of cracked welded structures. Although the fatigue crack growth rate data of welded structures should be accurately determined and made available, very few data are available for welded structures from the stress range viewpoint. However, it is widely recognized that fatigue crack initiation and propagation are fundamentally probabilistic phenomena [5] [6] [7] [8] [9] [10] . Risk assessment and remaining fatigue crack growth life prediction require accurate probabilistic fatigue crack growth models. It is essential that the procedures are reliable and sufficiently conservative.
The objective of this study was to investigate the mechanical properties and variability of fatigue crack initiation life for the FCAWed API 2W Gr.50 steel weldments typically applied for offshore structures. In order to clearly investigate the variability of the fatigue crack initiation life of materials in the three different zones, the weld metal (WM), heat affected zone (HAZ), and base metal (BM), experimental fatigue crack initiation tests for each of four specimens were performed on compact tension (CT) specimens under constant amplitude cyclic loading.
Experimental Procedure
Flux cored arc welding (FCAW or FCA) is a semi-automatic or automatic arc welding process. FCAW requires a continuously fed consumable tubular electrode containing a flux and a constantvoltage or, less commonly, a constant welding power supply. The process is widely used in construction because of its high welding speed and portability. The flux cored arc welding process used in the experiment was a semi-automated process. The welding was carried out on 895 × 125 × 60 mm steel plates (API 2W Gr.50). Table 1 shows the chemical composition of the parent material. The welding of these steel plates was performed by controlling the welding parameters, as given in Table 2 . Multi-path welding was performed, conforming to ASME Sec.
Code. Fig. 2 and Fig. 3 show schematic diagrams of the FCAWed API2W Gr.50 steel plate and butt welded joint, respectively. The distribution of the hardness in the weld joint at the middle part is given in Fig. 4 . As shown in Fig. 4 , the hardness drops steeply from the weld metal to HAZ, then increases slightly to the base metal, because of microstructural changes in the welded joint. API 2W Gr. 50 steel was used as the parent material or base metal (BM), which is used mainly in the ship-building and offshore structure construction industries. The material was acquired as 60-mm thick plates produced by the S company. The chemical composition is given in Table 1 , as mentioned in the above Section. The mechanical properties is also shown in Table 3 . Fig. 5 shows the optical microstructure of base metal API 2W Gr.50 steel, consisting of ferrite, pearlite and bainite. Table 1 Chemical composition of parent material (API 2W Gr.50) (wt. %). Table 2 Weld parameters used in experimental work. The dimensions of the joint geometry and various specimens sectioned from the FCA welded plate are shown in Fig. 6 . As shown in Fig. 6 , the fatigue crack initiation direction from the machine notch was aligned parallel to the welding direction. Tensile tests were conducted on circular solid bar specimens cut out parallel to the welding directions. Three specimens were tested for each location. Fig. 7 illustrates the dimensions of the compact tension specimen used in this work. The specimens were cut out in the LT direction, as indicated in Fig.  6 . An EDM notch was introduced for all specimens. In this study, in order to evaluate the effect of the variability of the fatigue crack initiation life on the material property, namely WM, HAZ, and BM, compact tension specimens were used for the constant amplitude loading fatigue tests. For these fatigue tests, a closed-loop servo-hydraulic mechanical machine (INSTRON 8821S) with a 100-kN capacity was employed. Fig. 8 shows the fatigue testing machine and load history used in this work. Fig. 9 shows the tensile fractured BM, WM, and HAZ specimens. The tensile test results are shown in Fig. 9 . BM, WM, and HAZ had tensile strengths of 531, 634, and 561 MPa, respectively. The yield strengths were 447, 601, and 474 MPa, respectively. These results coincide well with the hardness results, which are shown in Fig. 4 . Fig. 10 shows the effect of the fatigue crack initiation life on the BM, WM and HAZ specimens. The mean initiation lives for BM, WM, and HAZ were 172,830, 181,128, and 257,500 cycles, respectively.
Test Results and Discussion
It is interesting to note that the resistance of the fatigue crack initiation life of HAZ was better than those of BM and WM. The statistical properties of the fatigue crack initiation life are also summarized in Table 4 . As shown in these results, there is variability in the fatigue crack initiation life. Many studies on the statistical treatment of fatigue life and crack length have been performed, and these suggest that the Weibull distribution or log-normal distribution is a suitable way to analyze such fatigue data [11] .
In this study, the scatter characteristics of the fatigue crack initiation life for FCA welded API 2W Gr.50 steel were evaluated by using a 2-parameter Weibull distribution for the sake of convenience. The cumulative distribution function and density function are presented in the following equation.
(1) (2) In this equation, t is the fatigue crack initiation life as a random a shape parameter that presents the shape of the distribution, and a scale parameter that presents the special life. In these equations, indicates not only the shape of the probability density function but also the failure mode and variability. Weibull plots of the fatigue crack initiation lives for BM, WM, and HAZ are shown in Fig. 11 . The Weibull distribution holds for BM, WM and HAZ. The Weibull plots were also effective at presenting the distribution characteristics of the fatigue crack initiation life. The results of the Weibull analyses of the fatigue crack initiation lives are summarized in Table 5 . These indicate that the variation in the material property strongly affected the shape parameter of the Weibull distribution in a fatigue crack initiation life. Particularly, the shape parameter of the WM specimen showed the smallest value in the BM, WM, and HAZ specimens. As shown in Fig. 12 , the effect of the refined microstructure formed in the weld zone was thought to play a dominant role in the variability of the fatigue crack initiation life and the statistical nature of the fatigue crack initiation. Fig. 13 shows a schematic diagram of the fatigue crack initiation from the notch to a length of 1.5 mm in the WM specimen. It was observed that the WM specimen exhibited crack branching compared to BM and HAZ. Thus, the results showed that the variability in the fatigue crack initiation life was sensitive to inhomogeneous micro-structural features, as well as the crack branching. In order to evaluate the effect of the variability in the fatigue crack rate on BM, WM, and HAZ, the relationships between the fatigue crack growth rate and stress intensity factor range for BM, WM, and HAZ specimens are shown in Fig. 14 . The short fatigue crack growth presented in this work was investigated from a machine notch to a length of 1.5 mm. The short cracks were classified as mechanically short fatigue crack growth behavior [12] . The variability in the short fatigue crack growth rate decreased with an increase in the stress intensity factor range. The variability in the short fatigue crack growth rates for WM and HAZ was higher than that of BM. This results coincide well with the results for the fatigue crack initiation life. Once a crack is nucleated from the notch, it grows in the manner of a small or short crack, which is known to exhibit anomalous crack growth behavior [13] [14] . As shown in Fig. 15 , the crack growth behavior can be roughly expressed by the anomalous crack growth curves and the stable crack growth. At low stress ranges, the short crack growth rate shows three different behaviors: types A, B, and C, as shown in Fig. 15 . In a comparison with our experimental data, it seems that the fatigue crack growth rate follows type B of Fig. 14, which shows the ehavior. However, the reasons for this are not yet clear. 
Conclusions
In this study, an experiment was carried out to investigate the mechanical properties and variability of the fatigue crack initiation life from a CT specimen notch for the FCA welded API 2W Gr.50 steel weldments typically applied to offshore structures. It was found that the tensile strength of the WM specimen was higher than those of BM and WM, and for the same experimental conditions, the variability in the fatigue crack initiation life for WM was higher than those of BM and WM. The fatigue crack initiation life from the notch was represented by a 2-parameter Weibull distribution. The values of the shape parameters in the Weibull distributions for WM and HAZ were found to be 4.27 and 4.81, respectively.
